Abstract | Streams and rivers form dense networks, shape the Earth's surface and, in their sediments, provide an immensely large surface area for microbial growth. Biofilms dominate microbial life in streams and rivers, drive crucial ecosystem processes and contribute substantially to global biogeochemical fluxes. In turn, water flow and related deliveries of nutrients and organic matter to biofilms constitute major constraints on microbial life. In this Review, we describe the ecology and biogeochemistry of stream biofilms and highlight the influence of physical and ecological processes on their structure and function. Recent advances in the study of biofilm ecology may pave the way towards a mechanistic understanding of the effects of climate and environmental change on stream biofilms and the biogeochemistry of stream ecosystems.
The perception that most microorganisms live as com plex communities that are attached to surfaces has pro foundly changed microbiology over the past decades. Most, if not all, bacteria can form biofilms, which are communities of cells embedded in a porous extra cellular matrix. Dental plaque, the microorganisms on catheters and implants that cause persistent infections and the fouling of ship hulls and pipework are all examples of biofilms with important implications for public health and industrial processes. Most contemporary biofilm research rests on the discovery made more than 35 years ago by Maurice Lock, Gill Geesey and Bill Costerton: bacteria attached to surfaces dominate microbial life in streams [1] [2] [3] . These microbiologists pioneered research into stream biofilms, also termed periphyton or epilithon, and described them as complex aggregates of bacte ria, algae, protozoa, fungi and meiobenthos. The early study of stream biofilms also highlighted the relevance of interactions between microbial phototrophs and hetero trophs for energy fluxes and the role of the bio film matrix as the site of extracellular enzyme activity and adsorption of dissolved organic matter (DOM) 3, 4 . Since these early days, the study of the ecology and biogeochemistry of stream biofilms has slowly devel oped in the wake of thriving research on bacterial biofilms -often comprising only a single strain, of interest to medical microbiology, rather than the poly microbial communities found in stream biofilms -and on the microbial ecology of marine and lake planktonic communities 5 . Unlike bacterial biofilms grown in the laboratory, biofilms in streams are continuously exposed to a diverse inoculum that includes bacteria, archaea, algae, fungi, protozoa and even metazoa. These diverse biological 'building blocks' , when combined with the dynamic flow of streamwater, generate biofilms with inherently complex and varying physical structures that have implications for microbial functioning and eco system processes 6 . In streams, biofilms are key sites of enzymatic activity 7 , including organic matter cycling, ecosystem respiration and primary production and, as such, form the basis of the food web.
Why should we study the ecology and biogeochemistry of stream biofilms? Streams sculpt the continental sur face, forming dense and conspicuous channel networks that can be thought of as ecological arteries that perfuse the landscape. Streams are connected to their catchments through various surface and sub surface flow paths and notably through the hyporheic zone in the stream bed at the interface between groundwater and stream water 8 . Microbial cells, solutes and particles enter streams through these flow paths and, en route to downstream ecosystems and ultimately to the oceans, they may inter act with the biofilms that colonize the large surface area provided by the streambed as a 'microbial skin'
. As a result, the streambed and its biofilm microbiome contribute to biogeochemical fluxes 8 . Indeed, stream biofilms are now recognized as substantial contributors to global carbon fluxes by degrading organic matter and ultimately emitting an unexpectedly large amount of carbon dioxide into the atmosphere 9, 10 . Microorganisms in streams are also major components of the nitrogen cycle as they denitrify nitrate that they receive from the The global surface area of streams and rivers is estimated at 662,041 km 2 (REF. 96 ). One cubic metre of sedimentary bed material of these streams and rivers provides, on average, a potential surface area of 100 m 2 for gravel of 5 cm diameter and up to 1000 m 2 for grains that are ten times smaller. Considering an average streambed depth of 1 metre, the global surface area potentially available for microbial colonization of streambeds would thus range up to 662,041,000 km 2 . In principle, this would provide up to five square metres of sediment surface area available for microbial colonization for each square metre of catchment land surface area (excluding the polar caps and major deserts).
Assuming that there are on average 10 7 to 10 9 microbial cells per square centimetre of sediment surface in streams and rivers 3, 6 , we expect that 5 × 10 11 to 5 × 10 13 cells in the streambed receive and process matter from each square metre of catchment land surface area. We view this large microbial surface in streams as a crucial component of a 'microbial skin' that covers the catchment and that also includes the microbiomes of the phyllosphere 13 and soils 14 (see the figure, parts a and b).
On its journey through a catchment, via surface runoff or subsurface flow paths, water entrains solutes, particles and microorganisms from rocks, soils and vegetation into the streams. Hydrodynamic coupling of groundwater and streamwater ensures continuous mixing of water, replenishment of key substrates and nutrients, and opportunities for suspended microorganisms from terrestrial and aquatic sources to interact with established biofilms 97 . The streambed microbiome is thus continuously exposed to, and challenged by, invading microorganisms.
The notion of the microbial skin refers to the dynamic nature of stream biofilms as an ecological boundary 98, 99 and should not be understood to mean the presence of a resilient interface between the water and the substrate that biofilms coat. In fact, stream biofilms, as interfaces for solute exchange and biological interactions, share functional and structural properties with interfaces of boundaries that structure ecological communities, ecosystems and landscapes, and that control fluxes of organisms, materials, energy and genetic information therein 98, 99 . In streams, biofilms adsorb, retain, amplify and transform organic substances and nutrients in the matrix 100, 101 (see the figure, part c), thereby accumulating substances that are otherwise highly diluted in the streamwater, such as dissolved organic carbon or contaminants. These solutes become concentrated in biofilms via adsorption to the matrix or incorporation into microbial biomass and subsequent release to the extracellular space 100, 101 . Biofilms have reflective characteristics similar to those provided by an ecological boundary; the resident microbiome may sort and reflect invading microorganisms 102 with consequences for local community assembly and downstream release of microorganisms. Biofilms also have protective features; the matrix protects embedded cells from erosion 100 , which seems to be particularly important in ecosystems characterized by continuous loss of water and contained solutes and particles, including microbial cells. Furthermore, polymeric components of the biofilm matrix can stabilize sediments from erosion, as can filamentous cyanobacteria that produce supracellular ropes 59, 103 , thereby protecting the local environment from physical disturbance.
Periphyton
Traditionally considered to be a phototrophic biofilm that coats benthic substrates in stream ecosystems.
Epilithon
Traditionally considered to be a biofilm that grows on stones in stream ecosystems.
Meiobenthos
Invertebrates living in aquatic ecosystems that have a body size typically not exceeding one millimetre.
Ecosystem respiration
The respiration by both heterotrophic and autotrophic organisms within an ecosystem, in which heterotrophic respiration generates carbon dioxide from the breakdown of organic compounds.
Primary production
The generation of organic carbon from carbon dioxide by photosynthesis, which uses light as an energy source.
Catchments
Drainage basin of streams or rivers delineated by the watershed and within which water from rain, snow or ice melt converges at the valley bottom to contribute to streamwater flow.
Hyporheic zone
The zone in the streambed sediment in which streamwater interacts with groundwater, as driven by hydrodynamic exchange. Typically considered to be a habitat with high rates of biodiversity and biogeochemical reaction.
Reflective characteristics
The ability of an interface, or ecological boundary, to partially or entirely return matter, energy or organisms.
Phyllosphere
The microbial communities colonizing the above-ground surfaces that are provided by terrestrial plants.
Benthic zone
The upper zone of the streambed; the benthic zone is notable for its direct interface with streamwater flow and its exposure to light. catchment and emit the resulting nitrous oxide or nitro gen gas into the atmosphere 11, 12 . Furthermore, stream biofilms can be viewed as a crucial component of the catchment microbiome that also includes the microbial communities of the phyllosphere 13 and soil 14 . The phyllo sphere and the soil crust intercept water, microorganisms and solutes upon their entry into the catchment, whereas stream biofilms regulate the export of microorganisms and solutes from the catchment. Stream biofilms thus connect the land surface, groundwater, oceans and the atmosphere, and as such they are prominently positioned at the nexus of global biogeochemistry, bio diversity and climate change. In this Review, we describe the ecology and biogeochemistry of stream biofilms at different scales and consider how the biodiversity and functions of these biofilms can influence, and in turn be influenced by, environmental processes.
Biodiversity across spatial scales Stream biofilms are jungles of biodiversity, and the organisms that are typically found within them span across the entire tree of life. The development of next generation sequencing methods has enabled a high throughput profiling of these biofilms that has impressively demonstrated the full breadth and com plexity of their microbial diversity (FIG. 1) . Depending on light availability, eukaryotic algae (such as diatoms, green algae, chrysophytes, red algae and cryptophytes) and cyanobacteria, together with bacteria and to some extent also archaea, can form biofilms in the benthic zone, whereas bacteria and archaea dominate in the deeper sediments in which photo trophic life is limited. Fungi are probably also an important component of stream biofilms but remain poorly studied 15, 16 . Ciliates, flagel lates, nematodes and even younginstar insects (such as midges) are among the top consumers in stream biofilms 17, 18 , and their grazing activity can change the physical structure 19, 20 , community composition 21 and carbon cycling of biofilms 22 . Furthermore, viruses have an important role in marine ecosystems 23 ; for example, in bacterial biofilms 24 , bacterial viruses (or phages) can infect cells and regulate the dynamics and diversity of bacterial communities. However, little is known of the abundance and relevance of viruses in stream biofilms.
Nextgeneration sequencing data of 16S rRNA genes (that is, bacterial taxonomic marker genes) of samples from benthic and hyporheic biofilms are becoming increasingly available [25] [26] [27] , which has enabled a more detailed understanding of the composition and diver sity patterns of bacterial communities within stream biofilms. These data suggest that the Proteobacteria and Bacteroidetes phyla generally dominate bacterial com munities in stream biofilms (FIG. 2) . Betaproteobacteria and Alphaproteobacteria are commonly the numer ically dominant classes of Proteobacteria in benthic and hyporheic biofilms. The ability of members of the Alphaproteobacteria to degrade humic substances -a major component of DOM in streamwater -and their tendency to form filamentous, and possibly grazing resistant, morphologies 28 may favour the growth of this class of bacteria in biofilms. Within the Bacteroidetes phylum, the Flavobacteriia and Sphingobacteriia classes seem to be of special importance to stream biofilms. Some members of these classes possess the ability to degrade bio polymers, such as cellulose and chitin 28, 29 , that contribute to the high molecular weight fraction of DOM in streams. The gliding motility of many Flavobacteriia is expected to facilitate the colonization of surfaces and subsequent formation of biofilms (and sus pended particles) in aquatic ecosystems 28, 29 . This notion is supported by the observation that, under elevated flow velocity, Flavobacteriia adhere better to surfaces than Pseudomonas aeruginosa, which is a notable biofilm former 30 . Furthermore, ana lyses of co-occurrence networks identified Sphingobacteriia as a key taxonomic group in stream biofilms 31 , which agrees with the involvement of these bacteria in the formation and colonization of sus pended aggregates in the ocean and lakes 29 . Other bac teria that are commonly found in stream biofilms, but at lower relative abundance, include Gammaproteobacteria, Deltaproteobacteria, Actinobacteria, Firmicutes, Gemmatimonadetes, Verrucomicrobia, Planctomycetes and Deinococcus-Thermus. Finally, nextgeneration sequencing data suggest that archaea constitute only a minor component of stream biofilms 26, 32, 33 . This finding contrasts with earlier studies using fluorescence in situ hybridization that reported archaea as notable contrib utors to biofilm communities in oligotrophic glacierfed streams 34 and nutrientrich streams 35 . Not unexpectedly, archaea seem to be restricted to specialized niches where, for instance, ammoniumoxidizing archaea outcompete ammoniumoxidizing bacteria 36 or, in the hyporheic zone, methanogenic archaea thrive in anoxic pockets 37 . Stream biofilm communities are highly diverse with hundreds if not thousands of operational taxonomic units (OTUs) that span over the major taxa outlined above and colonize the various habitats in streams 25 (FIGS 1,2).
A major question that arises from these observations is how do these complex communities assemble? Metacommunity theory proposes that the composition and diversity of ecological communities are shaped by the interplay between regional dispersal dynamics, the local environment and biotic interactions 38 
. Local environmental conditions and dispersal dynamics may differentially affect biodiversity dynamics in biofilms depending on scale. For example, at the submillimetre scale, biofilm physical structure and niche differenti ation can induce spatial shifts in community compo sition. During periods of low streamwater flow, when hydraulic stress is reduced, benthic biofilms can develop into thick communities stratified into a canopy that con tains algae and cyanobacteria exposed to light; in turn, these phototrophs attenuate the penetration of light into the deeper biofilm layers, thereby shifting the commu nity toward heterotrophs 39 . Furthermore, depending on the turbulence of the water overlying the biofilms, the biofilm canopy can differentiate into streamers (see below), which can entail micro scale shifts in bacterial community composition. This is supported by find ings suggesting that niche differentiation and compe tition are processes responsible for shifts in community composition in streamers 40 . 
Humic substances
A complex and heterogeneous mixture of polydispersed materials formed by biochemical and chemical reactions during the decay of plant tissue. This mixture is a major contributor to dissolved organic matter in aquatic ecosystems.
Co-occurrence networks
Graphical visualization of potential relationships, between species or other entities, that have been derived from correlation analyses.
At an intermediate scale (that is, centimetres to metres), the interplay between streambed geomor phology and flow fields creates patchy landscapes. Environmental gradients emanating from hydraulic and microbial processes create potential niches in these land scapes and shape dispersal routes for microbial cells from the streamwater. As a result, environmental hetero geneity increases and can even induce turn over of micro bial taxa across streambed landscapes. It was shown, for instance, that the spatial variation of hydraulics over bedforms in experimental streams explained almost half of the var iation in biofilm community composition and thereby increased microbial β-diversity over bedforms 41 . Neutral models based on flowinduced dispersal of microbial cells indicate that stochastic immigration also contributes to the assembly of local biofilm communities in streambed landscapes with low environmental heterogeneity 42 . That such neutral approaches failed to explain commu nity turnover in more hetero geneous landscapes sug gests sorting by the local environment as a mechanism ) and from glacier-fed streams 41 (which have DOC concentrations below 0.5 mg C l −1 ). The taxonomic affiliation was estimated using a confidence threshold of 70%. Arrows show environmental conditions potentially relevant for biofilm communities, which vary along altitudinal and lateral gradients. While temperature, nutrients and dissolved organic carbon concentrations can explain taxonomic variation along altidudinal gradients, disturbance regime and seasonal fluctuations separate glacier-fed from groundwater-fed alpine streams.
Flow fields
Flow patterns that are generated by a moving liquid over and around solids.
Bedforms
Geomorphological features that develop at the interface of fluid and a movable bed, such as dunes and ripples on the beds of streams and rivers. Bedforms affect near-bottom hydraulics and hydrodynamic exchange with porewater in the streambed.
β-diversity
The compositional similarity of ecological communities and the species turnover therein.
Neutral models
In the context of biodiversity, models that assume that individuals of all ecologically similar species are competitively equal and that the stochasticity of demographic processes, such as immigration, birth and death, drive local community assembly.
α-diversity
Local species diversity in a habitat or ecosystem, often referred to as species richness or Shannon or Simpson diversity.
underlying community assembly 41, 42 
. These find ings agree with the idea that dispersal limitation governs the assembly of microbial communities when sorting by the local habitat is low 43 , as can be expected for rather homogenous streambed landscapes. Furthermore, these findings concur with the notion that the physical and biological patterns and processes of biofilms coevolve with the streambed environment they inhabit, as the assumptions of neutral models do not apply if there are strong covariances between processes, such as biofilm development and the establishment of environmental gradients in the streambed.
At the multikilometre scale of catchments, dispersal dynamics and environmental conditions can also shape bacterial diversity and community composition in stream biofilms. In a study of glacierfed streams in the European Alps, environmental factors related to catchment geology and altitude (such as pH, temperature and electrical con ductivity) sorted microbial taxa from the streamwater that assembled into the biofilm communities 32 . For instance, the presence of major phyla such as Actinobacteria, Nitrospirae and Verrucomicrobia in biofilms varied with the electrical conductivity of streamwater, whereas the presence of Acidobacteria, Gemmatimonadetes and Proteobacteria in biofilms was related to shifts in pH 32 . This study also showed that microbial α-diversity increased with decreasing altitude, as glacial coverage recedes, which may support the notion that αdiversity depends on the size of the catchment from which the metacommu nity recruits microbial cells. This is because the recruit ment range, and thus the metacommunity size, would increase as relative glacier coverage decreases, thereby diversifying microbial sources (for example, soils, rocks and groundwater) from which stream biofilms commu nities may ultimately assemble. By contrast, owing to the variety of extreme cold habitats associated with glaciers, βdiversity across glacierfed streams is elevated when glacier coverage is high 32 . As glaciers shrink, these habi tats and their microbial communities vanish, which trans lates to a loss of microbial βdiversity in stream biofilms at the multikilometre scale.
Patterns of biodiversity dynamics in benthic biofilms also become apparent at the scale of stream networks draining several catchments. In a survey of over 114 streams in a stream network, the average αdiversity in benthic biofilms decreased from a greater diversity
Box 2 | Metacommunity ecology
Metacommunity ecology is derived from the field of community ecology and is concerned with explaining biodiversity dynamics and spatial patterns of species distribution and abundance. The theory of metacommunity ecology has become an important way to think about how different spatial scales relate to one another in the ecology of both multicellular organisms 104 and microorganisms 105 . A metacommunity is defined as a set of local communities that are linked by the dispersal of several potentially interacting species 104 . Metacommunity ecology encompasses several theoretical perspectives, among which 'species sorting', 'mass effects' and 'neutrality' may prove most relevant for microbial biofilms 104 . The species sorting perspective emphasizes the role of the local environment and biotic interactions as drivers of local community composition 104 , in which differences between local communities are caused by environmental heterogeneity. Dispersal is global but the strength of this factor is not high enough to maintain species in less favourable habitats, and thus communities are expected to have a distance-decay of similarity relationship along environmental distances (that is, the degree of environmental variation) rather than geographical distances.
The mass effect perspective focuses on the effect of immigration and emigration dynamics on local community composition 104 . This perspective acknowledges the importance of environmental heterogeneity but assumes that local populations can be rescued from competitive exclusion by migration from habitat patches where they are good competitors. Communities are expected to have a distance-decay of similarity relationship along both environmental and geographical distances.
The neutral perspective assumes that all species are, on average, ecologically similar 104 . Community dynamics derives from immigration and emigration, extinction and genetic drift. Communities are expected to have a distance-decay of similarity relationship along geographical, but not environmental, distances.
Metacommunity theory posits that high dispersal rates and short generation times of microorganisms render geographical distances less important than the local environment for community assembly and ensuing biodiversity patterns 106 . For ecosystems with low residence times, such as streams, mass effects through high dispersal are assumed to maintain microbial populations even in less favourable habitats, thereby shifting community composition away from strict dependence on local environmental conditions 105 . This seems particularly true for the streamwater. The few studies that have compared microbial communities in the streamwater with those in stream biofilms have found contrasting community structures between the two, with a higher diversity of taxa in streamwater 32, 33 . The inoculation of soil bacteria in stream water is likely to be a major driver of this difference 57, 58 . Streamwater bacteria have also been reported to be less active and their communities more temporally fluctuating than their biofilm counterparts 106 . We note that residence times in biofilms, and more generally in the porous space of the streambed, are higher than in the streamwater itself 6, 8 , and microorganisms therein are therefore expected to be more responsive to the local environment than those in the streamwater. As such, biofilm assembly can be assumed to result from a complex interplay of immigration from the community in the streamwater, environmental sorting and biotic interactions. Biotic interactions between immigrants and the established biofilm, including the ability of immigrants to compete successfully with resident community members, may be relevant for biofilm community assembly, owing to the close proximity between microbial cells 107 . The notion of species sorting as a major mechanism underlying local biofilm community assembly is supported by the observation that random immigration of microorganisms from the streamwater into benthic biofilms was not sufficient to explain the assembly of biofilm communities across a wide range of streams 32, 33 .
Competitive exclusion
Ecological process whereby two (or more) species that use the same resources cannot stably coexist.
Headwaters
The smallest streams in a fluvial network and where streamflow is generated.
Laminar flow
The flow of water in parallel layers that are not disrupted. Laminar flow often fosters copious biofilm growth, as turbulence-induced erosion of microbial biomass is low.
Drag force
A force that acts on any solid objects exposed to water flow; the drag comes from forces caused by pressure distributions over the surface of the object.
upstream to a lower diversity in downstream reaches 44 . Strikingly, the survey found that stream confluences induce stepwise reductions in αdivers ity along this upstreamtodownstream continuum, which the authors of the study tentatively attributed to competitive exclusion. Furthermore, patterns of βdiversity identified in the survey indicated that there was a significantly higher degree of variability in community composition among headwaters than among larger downstream reaches that could not be explained by geographical distance 44 . These combined patterns of α and βdiversity highlight the cru cial role of head waters as reservoirs of microbial biodiver sity at the scale of stream networks. Headwater streams collect diverse microorganisms from soils, and various other sources, in the catchment 45, 46 , which they channel through the stream network to downstream reaches. En route, these microorganisms can colonize bare sedi ments and invade resident biofilms, thereby experiencing environmental sorting and competitive interactions. As a result, the local diversity of biofilms decreases, and their community composition becomes more uniform in larger streams compared with biofilms in headwaters.
There is also evidence that dispersal dynamics and hydrology, both changing predictably across stream networks, affect the community network structure of microbial biofilms. Analyses of cooccurrence networks generated from 16S rRNA sequencing data showed that community networks tend to fragment into more abun dant, but smaller, clusters that may be sensitive to the hydrological regime and dispersal dynamics 31 . The same study also uncovered the role of typical biofilm formers, such as Sphingobacteriia, in the organization of biofilm community networks. This finding is potentially impor tant as it provided the first evidence that biofilm commu nity stability is associated with dispersal dynamics and hydrology, which are processes that are increasingly sub ject to changes caused by shifts of the hydrological regime induced by climate change and human intervension (for example, damming or interbasin diversion of water).
Finally, the roles of geographical distance and large scale environmental variation on a continental scale were assessed in a survey encompassing 244 streams in New Zealand 47 . This survey showed that environmental con ditions were more important than dispersal limitation in biofilm community assembly and diversity. Specifically, the study found that change in land use, such as that entailing the destruction of native vegetation, rather than spatial factors, such as latitude or elevation, most strongly affected community composition and diversity. Similarly, a survey in New Hampshire, USA, found that environmental factors (notably streamwater pH), rather than geographical distance, best predicted the variation observed between bacterial communities associated with benthic organic matter in streams 48 . Collectively, these patterns suggest that community composition and biodiversity dynamics of stream bio films are not random but driven by environmental fac tors. It is crucial that we understand this relationship, as environmental change (both at global and local scales) may have repercussions on the functioning of biofilms and even on ecosystem processes.
Formation and physical structure Much of our understanding of the physical structure of stream biofilms has been inspired and guided by the early concepts developed by Lock and colleagues 3 and by work on singlespecies bacterial biofilms grown in flow chambers 49, 50 . Growth and structural differenti ation of stream biofilms begins when nascent biofilms are formed from bacterial or algal microcolonies (FIG. 3) . Whether algae are important building blocks of the bio film depends on the availability of light, which gradu ally declines from the benthic zone to the hyporheic zone of the streambed. In a first step, single diatom cells may attach to the sediment surface, where they form chainlike microcolonies that become entangled and confer physical structure to nascent benthic biofilms 51 . Adjacent microcolonies can coalesce, owing to growth through reproduction and shortdistance dispersal guided by a combination of colony development on the surface and the direction of streamwater flow 52 . Under reduced flow velocity and laminar flow conditions, coa lescing micro colonies can differentiate into starlike or quasi polygonal structures that often cover large surfaces of the sediment and develop substantial biomass 39, 52 . The high demands of these biofilms for oxygen, nutrients and dissolved substrates can impede mass transfer of these solutes, causing microorganisms within the interior of the biofilm to become nutritionally deprived 30, 53 . The structural differentiation of the canopy into fingerlike structures increases biofilm surface area to replenish crucial solutes 6 ; this observation supports early model ling results showing increased canopy differentiation of biofilms exposed to low nutrient concentrations 54 . As shear stress increases in environments with ele vated flow velocity, biofilms can form directed ridges 39, 55 and even centimetrelong streamers that oscillate in the streamwater 56 . Streamers can form from a base attached to the sediment surface and a flexible tail elongated in the flow direction; alternatively, they can develop directly from the canopy of the biofilm. Streamers are complex structures that are composed of diverse building blocks. Some examples have been shown to be constructed from a bacterial backbone embedded in extracellular polymeric substances (EPS), which confers a visco elastic property, and spiked with abundant diatom cells 56 . Described as 'garlands' , such streamers may offer micro niches to phototrophs by providing favourable access to light, nutrients and carbon dioxide in the streamwater in addition to protection from erosion by tethering to underlying biofilms 56 . Modelling of fluid dynamics around streamers has shown that oscillation enhances solute mass transfer because the streamer both responds to turbulent flow fluctuations and imposes an obstructive drag force that leads to further turbulent dissipation 57 . In flexible canopies of submerged vegetation, this waving motion of the canopy is termed 'monami' and results in the formation of a shear layer at the top of the canopy that regulates mass transfer of solutes into the canopy 58 . It could be argued that the oscillation of streamers pumps water and solutes into the biofilms and thereby enhances mass transfer, a notion that is supported by the proposal that biofilms can oscillate as membranes 59 . Much like bacterial biofilms grown under laboratory conditions 49 , stream biofilms contain voids and channel systems 6, 39, 55 . Channel systems in biofilms growing under slow flowing water can be extensive, whereas biofilms growing in fast flowing water are generally more com pact with less spacious voids 39 . These structural features have important implications for growth and metab olism of cells in the biofilm by regulating both overall mass transfer into the biofilm and spatial distributions of solutes within the biofilm. For example, it has been argued that microorganisms embedded in thin and com pact biofilms are readily provided with solutes from the streamwater, whereas microorganisms in thicker and less compact biofilms may rely more on internal sources than on the streamwater for the provision of nutrients and organic matter 39 . This coupling between physical structure and mass transfer induces chemical and bio logical gradients in stream biofilms [60] [61] [62] that are similar to those known to occur in pure bacterial biofilms 53 . Currently, we do not understand how flow through interstitial space may affect the physical structure of hyporheic biofilms, which are expected to differentiate into similar flowinduced structures to those observed in their benthic counterparts. Although bacterial streamers have traditionally only been reported in turbulent flow, studies using microfluidic devices suggest that these 
Hydrodynamic exchange
The exchange of water masses driven by the pressure differences that occur over rough streambeds.
Priming effect
Phenomenon in which labile dissolved organic matter (DOM) compounds facilitate the breakdown of apparently recalcitrant DOM compounds by microbial heterotrophs. The mechanism is unclear but may involve the provision of energy for the expression of extracellular enzymes that degrade recalcitrant DOM.
Recalcitrant DOM
Dissolved organic matter (DOM) that is resistant to degradation by microbial heterotrophs.
Functional plasticity
The capacity of an ecological community to accommodate environmental changes by adjusting the overall performance of dominant phylotypes.
Functional redundancy
A concept that relates changes in ecosystems to species loss, in which species that perform similar roles in communities can substitute for one another with little effect on the functioning of the community and ecosystem.
structures may even develop in laminar flow 63, 64 , which often predominates in the porous space in the stream bed. However, biofilm growth can restrict the flow of water through the porous space and its hydrodynamic exchange with the overlying streamwater, thereby reduc ing the propagation of solutes and microorganisms into and through the streambed 65, 66 . This represents a strong constraint on the streambed microbiome because deliv ery of electron acceptors such as oxygen and nitrate from the streamwater generally supports hyporheic metab olism, leading to the formation of vertical gradients of aerobic and anaerobic metabolism and redox structure within streambeds 8 . Collectively, these observations suggest that coup ling of structure and function in biofilms is analogous to that in the streambed. Despite their disparate scales, both biofilms and the streambed are porous systems with advective and diffusive mass transfer, strong inter nal chemical and biological gradients, and complex structural properties that shelter resident organisms from stream flow. Biofilms and the sedimentary envi ronment of the streambed may even be considered to have undergone a 'coevolutionary' relationship, as biofilms adapt and evolve in response to the phys ical and chemical structure of the streambed environ ment, and simultaneously modify this environment by changing its hydro dynamics 6, 64, 65 and establishing chem ical gradients 8 . These interactions between the biofilm and the sediment regulate not only physical patterns of the porous space but also the ecology of the biofilms therein. The iteration of this coupling of structure and function across cellular and sedimentary scales may contribute to the performance of stream biofilms as a microbial skin to retain, amplify, transform and reflect matter and microorganisms, and thereby control export fluxes from catchments.
Diversity and function
Elucidating the ecological mechanisms underlying the relationship between biodiversity and function of com munities and ecosystems has been a major component of research in animal and plant ecology over the past decades, and more recently in microbial ecology 67, 68 . Resource partitioning, or positive interactions, among species, often understood as complementarity, are gen erally recognized as the mechanisms underlying the rela tionship between biodiversity and resource use 67, 68 , and complementarity requires spatial proximity so that spe cies can readily interact. The close proximity of diverse microorganisms in stream biofilms therefore makes complementarity a powerful ecological mechanism to maximize resource use.
An obvious example of such complementarity is the one of phototrophs and heterotrophs driving carbon cycling in biofilms. On the one hand, diatoms, green algae and cyanobacteria exude organic compounds such as carbohydrates and amino acids, which are highly avail able to the heterotrophic metabolism 4, 39, 69 . On the other hand, respiratory carbon dioxide from these heterotrophs can be assimilated by the photo trophs. This interaction produces benthic biofilms with 'selfsufficient' carbon cycling that is less dependent on external carbon sources if inorganic nutrients and light (as the energy source) are provided 39, 70 . Owing to the priming effect, complementary inter actions between phototrophs and heterotrophs may also promote the metabolism of the recalcitrant DOM that is often delivered from terrestrial sources into streams. The priming effect enables exudates from phototrophs to provide energy and nutrients (such as nitrate and phos phate) to the biofilm that may otherwise be limiting to microbial growth 71 . However, evidence for the priming effect in stream biofilms remains equivocal at present. There is suggestive evidence that the presence of algae stimulates bacterial and fungal growth that is associated with leaf litter 72, 73 , but no evidence for the priming effect could be found in hyporheic biofilms 74 . The extensive diversity of bacteria in stream bio films makes it extremely difficult to establish relation ships between bacterial diversity and biofilm function. For example, complementarity among algal species has been shown to increase the uptake of nitrate by stream biofilms 75 but, although it is plausible that this may also occur among bacteria in biofilms, we are not aware of any such study. Studies on the activities of extracellular enzymes increasingly suggest that functional plasticity and functional redundancy may blur the relationship between microbial diversity and function in complex biofilm communities [76] [77] [78] . For instance, one study described biofilm communities with functional plasticity in groundwaterfed streams that may resist environmen tal fluctuations by adapting their enzymatic machin ery, whereas biofilms in glacierfed streams lacked this plasticity and were instead characterized by specialists able to express specific extracellular enzymes under given conditions 76 . Most of these studies have focused on the function of a single extracellular enzyme at a time. However, it is becoming increasingly clear from the study of multicellular organisms that different spe cies often influence different functions and that study ing individual functions, or processes, in isolation may underestimate the level of biodiversity required to main tain multifunctionality (that is, the ability to carry out several enzymatic functions simultaneously) 79 . Existing studies on multifunctionality in biofilms are not conclu sive. One study inferred multifunctionality from meas urements of the activities of βglucosidase, β xylosidase, cellobiohydrolase and leucineaminopeptidase, which are involved in the final steps of the hydrolysis of poly meric compounds (such as cellulose, hemicellulose and polypeptides) 80 . The study, which analysed biofilms grown in laboratoryscale bioreactors mimicking the hyporheic zone, showed that the likelihood of sustain ing such enzymatic multifunctionality decreases with decreasing microbial diversity, indicative of a low level of redundancy. Another study reconstructed artificial metagenomes to derive 140 orthologues related to carbo hydrate and amino acid metabolism in benthic biofilms from alpine streams 81 . Analysing the associ ation between inferred metabolic multifunctionality and bacterial diversity revealed a high degree of metabolic redun dancy, which means that the biofilm microbiome is able to metabolize a wide range of DOM compounds in the streamwater, regardless of community composition. This is advantageous in an ecosystem in which DOM com position varies continuously, such as the variation that occurs with changing hydrology and season.
A similar pattern of functional gene redundancy was reported in a study of biofilms in a set of streams in New Zealand that had been affected in different ways by land use 82 . This study used functional gene arrays to assess the expression of genes involved in the cycling of nutri ents (including nitrate, phosphate and sulphate) and energy metabolism. The expression of these genes was associ ated with land use in the catchment of the stream. For instance, the expression of sulphur and nitrogen cycling genes in biofilms was significantly different in streams with an urban or native forest catchment com pared with streams with an exotic forest or rural catch ment. These differences were probably attributable to the varied importance of nitrogen fixation, denitrifica tion and sulphate reduction between these ecosystems 82 . Furthermore, biofilm communities in streams affected similarly to one another by land use exhibited notable functional redundancy, despite differences in commu nity composition. For instance, bacteria in biofilms in streams draining urban catchments or catchments with native forests had similar functional gene composition to one another, but exhibited marked differences to the functional gene composition of biofilms from streams draining catchments with exotic forests or agricultural land. This functional redundancy may be an advanta geous strategy for biofilms to maintain crucial functions in stream ecosystems that are characterized by frequent and pronounced environmental fluctuations. The varied levels of functional redundancy and metabolic plasticity observed in stream biofilms call for further studies on the functional traits and functional diversity of biofilm communities 83 , rather than their phylo genetic diversity, to draw conclusions on the functional role of biofilms in stream ecosystems.
Complexity and biogeochemistry
Stream biofilms encapsulate several levels of structural and functional complexity, which are continuously adapted to the prevailing environmental conditions in streams. As such, biofilms in streams could be viewed as a dynamic microbial skin (BOX 1) that is influenced by several physical and chemical processes; however, conversely, biofilms can also themselves influence these processes. The major physical and chemical processes that influence, and are influenced by, stream biofilms include photosynthesis, hydrodynamics and nutrient and organic matter cycling, and are thus depend ent on the availability of light, oxygen, nutrients and organic carbon, as well as on the interactions between water flow and streambed topography, and associated hydrodynamic forces and replenishment rates (FIG. 4) .
Light. Light is a continuous variable in streams, vary ing from saturation in open channels to limiting con ditions in forested streams, and even to full absence deeper in the streambed. The gellike properties of the biofilm matrix may also affect light availability in the interior of the biofilm by influencing reflectance across a broad spectrum of incident light 84 . Light availabil ity in biofilms has profound implications on the gross primary production of ecosystems 3 . For example, light can influence the cycling of carbon, nitrogen and phosphorous by the extracellular enzyme machin ery of biofilms; furthermore, the expression of these extracellular enzymes can be adapted according to photosynthesis and the exudation of low molecular compounds by algae 26, 69, 85 . For example, microbial hetero trophs expressed more hydrolytic enzymes (such as βglucosidase, βxylosidase and leucine aminopepti dase) and oxidative enzymes (such as pheno loxidase) in ambient light conditions than in shaded conditions 85 . It is generally thought that increased hetero trophic bio mass associated with algae or photo synthesisinduced shifts in pH affect the activity of enzymes in the bio film matrix, and the products of algal lysis can directly stimulate extra cellular enzymes, as has been shown for βglucosidase in stream biofilms 70 .
Nutrients. Biogeochemical cycling in stream biofilms is not solely related to light but also to nutrient avail ability 86, 87, 88 , which is often increased by agricultural land use. The degradation of complex macromolecules by extra cellular enzymes can constitute up to 80% of the microbial activity in biofilms 7 , and these enzymes are therefore fundamental to biogeochemical fluxes of carbon, nitrogen and phosphorous in streams 86, 89 . The stoichiometry of biosynthetic enzymes that metabolize each of these nutrients relates to the stoichiometry of the respective nutrient in the microbial biomass, as well as to the stoichiometry of organic matter cycling. This stoichiometry ensures that a high availability of energy and carbon will shift the repertoire of metabolic enzymes from those specializing in nutrient biosyn thesis to those specializing in respiration and meta bolic consumption 90 . In addition to the abundance of extracellular enzymes, bioavailability of the nutrients metabolized by these enzymes is also an important determinant of community function. For example, one study found that the availability of inorganic nitrogen and phosphorous to stream biofilms affects the net pri mary production of these biofilms and consequently the exudation, from algae, of the labile and lowmolecular weight organic matter that supplies the metabolism of microbial heterotrophs 87, 88 . The study found that a greater proportion of this newly fixed organic carbon was retained in the heterotrophic bacterial biomass in streams depleted in inorganic nitrogen and phos phorous than in streams enriched in these inorganic nutrients. This work is important because it draws a mechanistic link between light, inorganic nutrients and carbon cycling and the potential availability of fixed carbon to downstream ecosystems.
Hydrodynamics. Channel geomorphology and hydro dynamics jointly affect the mass transfer of solutes from the streamwater to biofilms and the metabolism of these solutes within biofilms. For example, one study of benthic biofilms showed that glucose, which has high bioavailability, and arabinose, which has low bioavailability, are differentially taken up in turbu lent flow compared with laminar flow 60 . Combining microautoradiography and microscopy, the study showed that arabinose is taken up by bacterial cells in the inte rior of the biofilm in the event of glucose depletion arising from the thickness of the biofilm. These fine scale observations support earlier work suggesting that, when transport of solutes from the streamwater into the biofilm becomes limiting, the metabolism of organic molecules by heterotrophs is limited by the ability of the molecule to diffuse into the biofilm, rather than its intrinsic bioavailability 6 . In addition to the type of flow, heterogeneity of flow is also an important factor in mass transfer in stream bio films. The heterogeneous distribution of light, DOM and nutrients in streams, together with the heterogeneous geomorphology and flow conditions, has implications for the interactions between biofilms and ecosystem processes. Work with experimental streams has shown that the spatial heterogeneity of streambed topography and related flow conditions not only increases the mass uptake of DOM from the streamwater but also augments the diversity of the organic compounds that biofilms remove from the DOM pool 91 . These results provided the first support for the widely held assumption that physical heterogeneity controls resource use, and even the diversity of resources used, in stream biofilms. The findings also corroborated an older study that examined stream reaches in which nearbed flow velocity and tur bulence intensity fluctuated, which demonstrated that habitat heterogeneity influences the primary productiv ity and respiration of benthic biofilms 92 . An experiment using phototrophic biofilms with eight algal species further highlighted the relationship between physical habitat heterogeneity, diversity and nitrate uptake as an important ecosystem process in streams 75 . These stud ies suggested that the complementary use of resources by microbial communities, such as through facilitation or niche partitioning (see above), is the mechanism underlying enhanced ecosystem processes in physically hetero geneous streams. The interplay between the spa tially heterogeneous environment of the streambed and its microbial skin may offer various opportunities for the processing of organic matter and nutrients and ensuing biogeochemical fluxes. Viewing stream biofilms as a microbial skin may therefore explain the high perfor mance of stream ecosystems and the contributions of these ecosystems to largescale biogeochemical fluxes of oxygen, inorganic nutrients and carbon [9] [10] [11] [12] .
Conclusions and perspectives
What have we learned in the 35 years since Lock, Geesey and Costeron's exciting discovery that biofilms domi nate microbial life in streams? Today, stream biofilms are recognized as complex communities that harbour an immense degree of biodiversity across all three domains of life and that differentiate into highly structured archi tectures. We also understand stream biofilms as hotspots of enzymatic and metabolic activities that drive funda mental ecosystem processes and biogeochemical cycles. Biofilm structure and function are intimately linked to the physical forces exerted by the flow of water and at the same time biofilms can also change the dynamics of water flow. This has a major effect on mass transfer into biofilms that can even result in changes to ecosystem function and biogeochemical fluxes.
Several crucial questions relating to the biology of stream biofilms remain to be solved. The stream bio film microbial community is inherently diverse but the various interactions within and between the domains of life in the biofilm remain poorly explored. An inte grated 'omic' analysis that blends meta genomics, meta transcriptomics and metaproteomics will be required to unravel key functional capabilities of major taxa and to map these onto interaction networks. This should also offer a new framework to relate microbial phylogeny to functional traits in complex communities 83 . Furthermore, we would need to relate key functions and traits to the measurement of fluxes, as this would allow us to assess the potential relevance of microbial It is clear that future progress in stream biofilm research will require interdisciplinary studies that bridge life sciences, environmental sciences and engineering and that are rooted in ecology and biogeochemistry. This is imperative to better integrate stream biofilm research, and more generally stream microbial ecology, into the larger context of aquatic sciences. For instance, it is only now that the sensitivity of stream biofilms to climate warming and global environmental change is begin ning to be recognized 25, 95 . These environmental changes include shifts in precipitation patterns, damming and water diversion that profoundly alter the hydrological regime. Furthermore, the conversion of land into agri cultural use increasingly delivers nutrients into streams, resulting in eutrophication, and concomitant deforesta tion of the vegetation of stream banks shifts the light regime and channel geomorphology. The larger ecolog ical and biogeochemical consequences of such shifts for the microbial skin are yet to be explored.
